[1] We examine the evolution of and the exchange between two forms of elastic energies stored in the quasistatic fault model of Ziv and Rubin [2003]. The first, E tect , is due to the integrated slip deficit accumulated between the plate boundaries and the fault surface, and the second, E fault , is the result of differential slip along the fault surface. The results of our analysis reveal cyclic exchange between the two energies. On a E fault versus E tect plot, the seismic cycle has a triangular shape with the large earthquakes occurring at the top corner of the triangle (where E fault is maximum), and the foreshocks and the aftershocks occupying the right side and left side, respectively. While both foreshocks and aftershocks dissipate tectonic energies, the cumulative effect of the foreshocks is to increase the potential elastic energy along the fault plane and the cumulative effect of the aftershocks is to reduce it.
Introduction
[2] Since Reid's [1910] elastic rebound theory was first proposed, earthquakes are viewed as sudden relaxations of elastic strains that accumulate steadily over time due to relative motion of the adjacent plates. This concept implies a cyclic behavior, in which large earthquakes are separated by interseismic periods during which stress builds up linearly with time. Indeed, such stress histories are observed in spring-slider systems [e.g., Schmittbuhl et al., 1996] and in 2-D fault models [e.g., Ben-Zion et al., 2003] , where occasional system-size earthquakes break periodically or quasi-periodically. If Reid's model applies to the earth, large earthquakes are time predictable. Yet, neither paleo-seismic [e.g., Marco et al., 1996] nor modern data sets (e.g., see Scholz, 1990 and references therein on the Parkfield experiment) confirm cyclic repetition of large earthquakes. In fact, the picture that emerges from many studies is of very complex and non-periodic earthquake occurrence.
[3] In this study we examine the evolution of elastic energies in the quasi-static fault model of Ziv and Rubin [2003] . This model produces non-periodic behavior with foreshocks, aftershocks and close to power law earthquake size distribution. The results of our analysis reveals cyclic (but not periodic) exchange between two types of elastic energies: the first arising from slip deficit accumulated between the plate boundaries and the fault surface; the second being the result of slip disorder along the fault surface. We find that while both foreshocks and aftershocks discharge tectonic energies, the total effect of the foreshocks is to increase the fault disorder and the effect of the aftershocks is to reduce it.
Overview of the Quasi-Static Fault Model
[4] To provide a context for the analysis that follows, we first summarize the main model ingredients [for more details the reader is referred to Ziv and Rubin, 2003 ] and previous results relevant for this study. The fault is modeled as a shear crack that is embedded in a homogeneous infinite elastic medium. The fault surface is represented by a periodic grid of 50 Â 50 square computational cells. Motion on the fault is driven by steady slip imposed on rigid boundaries located at distance W on either side of the fault. Slip on the fault is resisted by friction that is a function of slip rate _ d and fault state q as follow [Dieterich, 1979; Ruina, 1983] :
where m is the coefficient of friction, A and B are dimensionless constitutive parameters, m * , _ d * and q * are reference values of friction coefficient, velocity and state, respectively. The state, q, evolves with time and slip according to [Ruina, 1980] :
where t is time and D c is a characteristic sliding distance for the evolution of q from one steady state to another. The evolution of state and slip rate is approximated according to a computational procedure developed by Dieterich [1995] . The characteristic length-scale D c gives rise to a critical length-scale L c , which defines the minimum dimension of a crack below which instability cannot develop [Dieterich, 1992] . Here the size of the computational cells, L, is much larger than L c . Constitutive properties and normal stress are uniform. GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 24, 2237 , doi:10.1029 /2003GL018665, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2003GL018665$05.00
[5] On a given cell, steady stress increase arising from tectonic displacement is interrupted by stress steps imposed by coseismic slips. Static stress transfer due to coseismic slip is computed at the center of the cell using the stress field of a uniform square dislocation in 3-D elastic space. A rupture may grow beyond the size of a single cell if the stress change that is induced by that cell is large enough to instantaneously bring one or more cells from their current sliding speed to the seismic sliding speed. The subset of cells that comprises the rupture set is determined through an iterative procedure.
[6] The model is controlled by three nondimensional numbers [Ziv and Rubin, 2003] . The controlling parameters related to the constitutive law are A/B and t a /t c . The latter is a ratio between two time scales: (1) t a is Dieterich's [1994] characteristic time for the return of seismicity rate to the background rate following a stress step; and (2) t c = D c = _ d seis , where _ d seis is the seismic slip speed, may be interpreted as the average contact life-time during seismic slip. An additional controlling parameter arising from the model discreteness is W/L, which measures the coarseness of the computational grid with respect to loading distance W. The synthetic catalog investigated here was generated with B/A = 8, t a /t c = 10 10 , and W/L = 10. With this choice of W/L, the contribution to the long-term stressing rate from elastic interaction with other fault elements is about 10 times larger than the contribution from tectonic slip [Equation 28 in Ziv and Rubin, 2003] .
[7] Despite the simplicity of the model, the synthetic seismicity that we record is extremely complex, and exhibits many of the characteristics of natural seismicity Ziv, 2003] . These include the increase of foreshocks rate and the decay of aftershocks rate according to the modified Omori law [Omori, 1894; Utsu, 1961] , a close to power law distribution of earthquake sizes, and remote aftershock triggering. While the Omori law is a consequence of the constitutive law [Dieterich, 1994] , the increase in seismicity rate far from the mainshock (where the static stress changes imposed by the mainshock were small) is a consequence of multiple stress transfers, i.e., the very distant aftershocks are not directly triggered by the mainshock, but instead they are aftershocks of previous aftershocks.
Elastic Energies in a Quasi-Static Seismic Fault
[8] Following Schmittbuhl et al. [1996] , we introduce two elastic energy densities per unit area in the system immediately after an earthquake k, when no slip takes place: E tect k and E fault k . The first is due to the slip deficit accumulated between the plate boundaries and the fault surface, and is defined as:
where g ij is the elastic influence coefficient, relating slip on cell j with stress on cell i in an infinite elastic medium [Equation (4) in Ziv and Rubin, 2003] . Here the influence coefficient is a scalar function that depends only on distance between the two cells, thus g ij may be expressed as a product of (G/L) and " g ij , where the bar indicates a nondimensional number. Additionally, g ij is symmetric and the sum over all influence coefficients adds up to zero. Using these properties, (4) may be rewritten as: Written this way, it is easy to see that E fault is a consequence of the differential displacements along the fault surface. Thus, while E tect is a measure of the mismatch between total slip of the plate boundary and cumulative slip on the fault, E fault is a measure of the heterogeneity of the slip distribution. In the followings, results are presented in nondimensional form, with both E tect and E fault normalized by [s 2 (B À A)
2 L]/G, and times normalized by t a .
[9] The evolution as a function of time of E tect and E fault is shown in Figure 1 for a sample of 2 Â 10 4 events. Although each cell in this example broke at least 8 times (recall that the grid consist of 50 Â 50 cells), no obvious periodicity may be noticed. The time of occurrence of the 9 largest events is depicted by starts. Notice that large earthquakes occur during the descending portions of the E tect -curve, and close to the maxima of the E fault -curve.
Earthquake Classification and the Seismic Cycle
[10] Additional insight is gained through inspection of energy changes, ÁE k , defined as:
. Strain energy is charged if ÁE tect k is positive, and dissipated if it is negative. Positive and negative values of ÁE fault k correspond to disordering (i.e., storing elastic energy at small scale) and ordering of slip distribution, respectively. A plot of ÁE fault k -versus-ÁE tect k is shown in Figure 2 . In this plot, events with rupture area greater than 20 cells are labeled by stars, whereas events with rupture area less or equal to 20 cells are labeled by dots if the lag-time to previous event is shorter than 0.1t a , and by crosses if the lag-time is longer than 0.1t a . Three distinct classes of earthquake may be recognized. The first group is characterized by positive ÁE tect k and small positive or negative ÁE fault k values (crosses). These earthquakes, since they are small and occur at very low rate during which the fault is being charged, are referred to as interseismic earthquakes. Earthquakes with large negative ÁE tect k and large positive ÁE fault k form a second group (stars). Earthquakes belonging to this group are relatively large, and are therefore referred to as mainshocks. Finally, a third group (dots), which consists of earthquakes with small negative values of ÁE tect k and with Figure 2 both foreshocks and aftershocks seem to occupy the same region and may thus appear to be indistinguishable, the results shown in the next section indicate that they play very different roles in the seismic cycle.
[11] In Figure 3 we plot phase diagrams of E fault k -versus-E tect k for the entire data set and for four time windows. The four time windows, indicated by dashed lines in Figure 1 , were chosen such that they contain at least one of the largest earthquakes in the sample. While a phase diagram of the entire data set is rather difficult to interpret, similar diagrams for shorter time windows provide a clearer view. The picture that emerges is of cyclic exchange between the two energies, which has a roughly triangular shape (this is illustrated schematically in Figure 3a) . Each cycle starts with an interseismic period, during which tectonic energy increases while fault disorder remains constant. During that time, small earthquakes occur at very low rate. Later during the cycle, tectonic energy discharges and fault disorder increases. This trend, of converting tectonic energy into fault disorder, ends with a large earthquake. Following the large earthquake, tectonic energy decrease is accompanied by smoothing and homogenization of the slip distribution by aftershocks.
[12] It is evident from this representation that foreshocks and aftershocks play different roles in the seismic cycle. Foreshocks occupy the right side of the triangle, and their cumulative effect is to dissipate tectonic energy and enhance slip heterogeneity. Aftershocks, on the other hand, are situated on the left side, they continue to dissipate tectonic energy, but at the same time they smoothen the slip distribution.
[13] Sometimes smaller cycles are superimposed on large cycles. This is most apparent in cycle-3 in Figure 3e , where each of the two sub-cycles that are superimposed on a larger Figure 1 , were chosen such that they contain at least one of the largest earthquakes in the sample. The largest earthquakes are depicted by stars, and the starting point of each path is indicated.
cycle are culminating in a large event. In some cases, as in cycle-3 and cycle-4, the largest earthquake is followed immediately by one or two smaller earthquakes that add disorder to the system. These events may be viewed as subevents, that in a more realistic simulation (quasi-dynamic or fully-dynamic) would become part of the mainshock rupture.
Conclusions
[14] We examine the evolution of and the exchange between two forms of elastic energies stored in the quasistatic fault model of Ziv and Rubin [2003] . The first, E tect , arises from slip deficit accumulated between the plate boundaries and the fault surface, and the second, E fault , is the result of differential displacements along the fault surface. Time series of these energies are very complex, and yet show very clearly that large earthquakes occur during the descending portions of the E tect -curve, and close to the maxima of the E fault -curve. This result is not in agreement with the classical view of the elastic rebound theory, which predicts that large earthquakes occur at the maxima of the E tect -curve, and does not account for the strain that is stored on the fault due to heterogeneous slip distribution. On a E fault -versus-E tect plot, the seismic cycle has a roughly triangular shape with large earthquakes occurring at the top corner of the triangle, and the foreshocks and the aftershocks occupying the right side and left side, respectively. While both foreshocks and aftershocks dissipate tectonic energies, the cumulative effect of the foreshocks is to increase the fault disorder and the cumulative effect of the aftershocks is to reduce it.
[15] Clearly these results are model dependent, and it is desirable to examine the evolution of E tect and E fault in a model that incorporates a creeping substrate. The inclusion of such substrate may be important since the stress perturbations that large earthquakes induce on the creeping regions initiate post-seismic slips that may relax long after the mainshock. Such a feedback process between creeping and stick-slip regions may play an important role in the seismic cycle, and may modify the evolution of both E tect and E fault during the post-mainshock and the inter-seismic periods.
[16] Since neither E tect nor E fault is a directly measurable or easily computable geophysical quantity, testing the validity of these results for geological faults is not a simple task. Both geodetic (primarily GPS) and seismological data are necessary in order to compute these parameters. Because the result of this study indicate that small earthquakes can play an important role in ordering and disordering the slip distribution, one should seek a catalog that is both complete down to very small magnitudes and for which relative earthquake location is very precise.
